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We simulated the effects of longitudinal (axial) chromatic aberration and defocus on contrast of the 
long-, middle- and short-wavelength components of the retinal image to determine whether the effects 
of chromatic aberration are sufficient to drive accommodation. Accommodation was monitored 
continuously while subjects (12) viewed a 3 c/deg white sine-wave grating (0.92 contrast) in a Badal 
stimulus system. The contrasts (amplitudes) of the red, green and blue components of the white grating 
changed independently to simulate a grating oscillating from 1 D behind the retina to 1 D in front of 
the retina at 0.2 Hz. Subjects responded strongly to the chromatic simulation but poorly to a luminance 
control. The results support the hypothesis that focus is specified by the contrast of spectral-wavebands 
of the retinal image, and that conventional color mechanisms, monitoring chromatic contrast at 
luminance borders (1-8 c/deg), mediate the signals that specify dioptric vergence. 
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INTRODUCTION 
The optical system of the eye produces considerable 
longitudinal (axial) chromatic aberration (Wald & 
Griffen, 1947; Bedford & Wyszecki, 1957). Long wave- 
length light comes to focus much further back in the eye 
than short wavelength light, producing _ 2 D of chro- 
matic difference of focus between 400 and 700nm. 
Consequently, for targets with broad spectral band- 
width, luminance dges are overlaid with subtle chro- 
matic contrast, and the long-, middle- and 
short-wavelength components of the retinal image have 
different contrasts ("chromatic difference of contrast"). 
Fincham (1951) showed that accommodation can be 
impaired when the effects of longitudinal chromatic 
aberration (LCA) are removed by an achromatizing lens 
or by the use of narrowband monochromatic l ght. We 
have confirmed Fincham's findings in a series of exper- 
iments in which the LCA of the eye was doubled, 
neutralized and reversed (Kruger & Pola, 1986, 1987, 
1989; Kruger, Mathews, Aggarwala & Sanchez, 1993). 
Doubling the amount of LCA has no adverse ffect on 
accommodation, neutralizing LCA reduces the response 
for most subjects, and reversing LCA (so that long- 
wavelength light focuses further forward in the eye than 
short-wavelength light) severely impairs the dynamic 
accommodative response. Subjects accommodate poorly 
to moving targets in narrowband monochromatic l ght, 
their response improves as the bandwidth of the light is 
increased, and the response isbest in broadband "white" 
light (Aggarwala, Kruger, Mathews, Park & Kruger, 
1994; Morse & Kotulak, 1994). Using sinusoidally mov- 
ing grating targets, accommodation responds between 
approx. 1 and 8 c/deg, with peak sensitivity to the effects 
of LCA between 3 and 5 c/deg (Stone, Mathews and 
Kruger, 1993; Mathews & Kruger, 1994). 
In the present experiment we simulate the effects of 
LCA and defocus on the contrast of the long-, middle- 
and short-wavelength components of a "white" sine- 
wave grating target. The experiment tests the hypothesis 
that contrast of the long-, middle- and short-wavelength 
components of the retinal image specify focus, and that 
conventional color mechanisms monitor focus by com- 
paring the contrast of spectral wavebands at luminance 
borders. 
METHODS 
*Schnurmacher Institute for Vision Research, State College of Subjects viewed the center of a horizontal, perceptu- 
Optometry, State University of New York, NY 10010, U.S.A. ally white sine-wave grating target in a Badal stimulus 
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system. Contrast (Lma x - -  Lrnin/Lmax -f- Lmin) of the long-, 
middle- and short-wavelength components of the white 
grating changed over time to simulate an image moving 
sinusoidally from 1 D behind the retina to 1 D in front 
of the retina. The contrast of each grating component 
reached a maximum of 0.92 when simulating focus on 
the retina, and contrast was reduced for focus behind or 
in front of the retina. An achromatizing lens eliminated 
the normal LCA of the eye. Accommodation was mon- 
itored continuously by a high-speed infrared recording 
optometer, and the target was viewed under open-loop 
control. The open-loop condition was achieved by feed- 
ing the accommodation signal from the infrared optome- 
ter to the servo-mechanism that controls the position of 
the target along the z-axis. Thus negative feedback in the 
form of defocus blur was eliminated, and the target 
position was fixed along the z-axis of the eye. 
Stimulus display 
The "white" grating target was produced on a color 
display (Barco Calibrator No. 7751) by superimposing 
red, green and blue sine-wave gratings of the same 
spatial frequency and phase. The amplitudes (contrasts) 
of the red, green and blue grating components were 
varied independently over time to simulate a grating 
oscillating sinusoidally along the z-axis of the eye. 
Colorimetry and photometry were performed on the 
color display using a Pritchard photometer and 
Pritchard Spectrascan Spectra Radiometer (Cowan, 
1983; Brainard, 1989). Temporal stability was measured 
at two luminance l vels (70 and 40 cd/m 2) and five screen 
positions, each for a period of I hr, phosphor indepen- 
dence was measured at three luminance l vels (70, 42 and 
14 cd/m 2) and at nine positions across the display, and 
luminance was measured at 30 positions. The display 
gave optimum performance over a 17 cm diameter area 
(4 cm up and right of center), and this area was used to 
display the stimulus. Within the display area temporal 
stability was better than 2%, phosphor independence 
deviated by less than 3%, and luminance decreased by 
up to 8% toward the edge of the display field. Gamma 
correction was applied through lookup tables. Mean 
target luminance was 20 cd/m 2 measured through the 
Badal stimulus ystem using the method of Westheimer 
(1966), and maximum contrast of the grating target was 
measured at 0.92. Figure 1 shows the spectral power 
distributions of the three phosphors. The spectral sensi- 
tivity of the eye (V2) largely eliminates the long-wave- 
length component of the red phosphor which peaks at 
710 nm. The CIE (x,y) chromaticity co-ordinates for the 
red, green and blue phosphors were (0.617, 0.350), 
(0.293, 0.602) and (0.158, 0.072) respectively, and the 
color temperature of the white display was 6412 K. 
The stimulus was designed to simulate 2D of peak-to- 
peak target motion from 1 D behind the retina to 1 D in 
front of the retina. Focus of the eye was specified with 
reference to 525 nm light (near the peak of the "green" 
phosphor). The choice of reference wavelength is some- 
what arbitrary (589 nm is a customary reference wave- 
length for targets at optical infinity), but the use of 
525 nm light takes into account the tendency for shorter 
wavelength light to focus on the retina when the target 
is at a near working distance (Ivanoff, 1953; Charman & 
Tucker, 1978; Cooper & Pease, 1988). 
Gratings were generated by a 486DX 66 MHz com- 
puter running Cambridge Research Systems Visual 
Stimulus Generator (VSG2/1). The method of Hopkins 
(1955) and Flitcroft (1990) was used to calculate contrast 
of the long-, middle- and short-wavelength components 
of the grating display, using 610, 525 and 465 nm to 
represent the three waveband components. These wave- 
lengths are close to the peaks of the three phosphors and 
they provide a chromatic difference of focus (LCA) that 
is 0.5 D between 525 and 610 nm, and 0.53 D between 
525 and 465 nm (Bedford & Wyszecki, 1957). The pre- 
cision of the simulation is limited because the blue and 
green phosphors are relatively broadband, while the 
simulation assumes monochromatic lights, but at 3 c/deg 
and for a 3 mm pupil the method provides a close 
approximation of the effect of LCA and defocus on the 
contrast of the polychromatic retinal image. Hopkins' 
method assumes a square pupil and gratings parallel to 
the pupil margins; it produces a result that is similar to 
that for circular apertures and that compares well with 
calculations based on geometric optics (Hopkins, 1955). 
Retinal contrast modulation (M) was calculated using 
the following formula from Flitcroft (1990): 
M(v ,D  )-sin[kD (1 - s/2)] /kD, 
k = ( fp /b ) ' (360v/2n) ,  s = (2vf/2np)'(360/2r~b), 
where v is spatial frequency (c/deg), D is defocus in 
diopters, f is focal length of the eye (m), p is pupil 
diameter (m), b is the distance from the second nodal 
point to the image plane (m), 2 is the wavelength of light 
(m), and n is the refractive index of the ocular media. 
Figure 2 shows the luminance profile of 1 cycle of a 
3 c/deg sine-wave grating for three conditions of focus 
(specified with reference to 525 nm), and illustrates how 
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FIGURE 1. Spectral power distributions of the three phosphors (red, 
green and blue) of the Barco color display. 
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FIGURE 2. Luminance profile of 1 cycle of a 3 c/deg sine-wave 
grating, viewed through a 3 rnm pupil, for three conditions of focus. 
The order of contrasts ofthe three waveband components reverses for 
focus behind or in front of the retina; thus contrast of the long, middle 
and short waveband components of the image specifies focus in front 
or behind the retina. Contrast = (Lma x - Lmin/Lma x + Lmin) .  
the cycle progressed, simulated focus moved in front of 
the retina (+ 1 D) and then returned to - 1 D behind the 
retina. The function at the bottom of Fig. 3 shows the 
(simulated) wavelength in focus on the retina during the 
course of the cycle. 
In addition to the chromatic condition described 
above, a control condition was included in which the R, 
G and B components of the display produced changes in 
luminance contrast  without he chromatic effects of LCA. 
In the control condition the changes in luminance con- 
trast matched the changes in luminance contrast hat 
were produced in the chromatic ondition, but the effects 
of LCA were absent. 
Spectral photometry was used to compute CIE co- 
ordinates for small circular spots (2.2 arc min) at the 
center of the peaks and the troughs of the 3 c/deg grating 
stimulus. These CIE coordinates were used to compute 
cone excitations for the L-, M- and S-cones, for the 
peaks and troughs of the grating, using the equations of 
Cole and Hine (1992), and the measures of cone exci- 
tation were used to calculate Michelson cone-contrast 
(Lrna x -Lmin/tma x Jr-Lrnin ) for L-, M- and S-cones. 
A variety of factors governed the choice of spatial 
frequency (3 c/deg) for the main part of the experiment. 
First, the influence of LCA is prominent at 3 c/deg 
contrast (Lma x - -  Lmin/Lma x + Lmin) of the long, middle and 
shor.t wavebands of the image specifies focus. Focus 
1.0 D behind the retina results in high contrast  for the 
short waveband (blue), in termediate contrast  for the 
middle waveband (green), and low contrast  for the long 
waveband (red). Focus 1.0 D in front of the retina 
reverses the order o f  contrast  of the three components. 
Thus the order (or ratio) of the contrasts specifies 
focus--behind or in front of the retina. Focus on the 
retina results in high contrast for the middle waveband, 
but reduced contrast for both the long and short com- 
ponents. For moderate amounts of defocus, contrast of 
the three spectral wavebands ("chromatic difference of 
contrast") has the potential to specify both the direction 
(sign) and amount of defocus. 
Using 525 nm as a reference wavelength and taking 
LCA into account, a table of contrasts was generated for 
one cycle of simulated target motion, for each com- 
ponent of the display (R, G and B). Figure 3 illustrates 
how contrast changes for the R, G and B components 
of a 3 c/deg grating during one complete cycle of simu- 
lated motion, assuming a 3 mm pupil diameter. Contrast 
of each grating component is maximum (1.0) when the 
image component simulates focus on the retina, and 
contrast is reduced for focus behind or in front of the 
retina. In the main part of the present experiment the 
target "oscillated" at 0.2 Hz; thus one cycle of contrast 
change (Fig. 3) lasted 5 sec and there were 8 cycles of 
simulated target motion in a 40-sec trial. The three 
functions in Fig. 3 (R, G and B) represent stimulus 
arrays that were used to control grating contrast during 
the experimental trial. At the beginning of each cycle 
contrast of the three target components specified focus 
-1  D behind the retina (with reference to 525 nm). As 
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FIGURE 3. Illustration of the changes incontrast of the R, G and B 
components of a 3 c/deg rating during 1 cycle of simulated motion, 
from 1 D behind the retina ( - l )  to 1 D in front of the retina (+ 1), 
and returning to 1 D behind the retina (-- 1). The abscissa shows both 
the simulated defocus in diopters ( - l ,  0, and + 1) and the temporal 
cycle in degrees. The function at the bottom of the figure shows the 
(simulated) wavelength in focus on the retina during the course of the 
cycle. The vertical arrows show the contrast of the three grating 
components and the simulated wavelength in focus before the begin- 
ning of the trial, when the R, G and B components of the target 
simulated a stationary grating in focus on the retina. At 0.2 Hz one 
temporal cycle (360 deg) lasted 5 sec. The simulation assumes a 3 mm 
diameter pupil. 
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FIGURE 4. Schematic representation f the Badal stimulus ystem. 
(Stone et al., 1993) and reflex accommodation responds 
particularly well to standard grating targets at this 
spatial frequency (Owens, 1980; Mathews & Kruger, 
1994). In addition, at 3 c/deg and for a 3 mm diameter 
pupil the principal cause of retinal image blur is defocus 
and the chromatic difference of focus from LCA (Van 
Meeteren, 1974). Diffraction, off-axis viewing, lateral 
chromatic aberration and even spherical aberration have 
minimal effect on contrast for this spatial frequency and 
pupil size (Van Meeteren, 1974). Thus at 3 c/deg the 
simulation provides a close approximation of the 
changes in contrast of the long, middle and short 
wavebands of the retinal image that occur as a sine-wave 
grating moves along the z-axis of the eye. At higher 
spatial frequencies both spherical and lateral chromatic 
aberration contribute to the reduction in contrast (Van 
Meeteren, 1974; Bour, 1980; Thibos, 1987) and the 
effects of defocus and LCA become much more severe 
(Walsh & Charman, 1989). It should be clear that the 
present simulation isnot an attempt to model the retinal 
image in precise detail, especially at high spatial frequen- 
cies. Instead the aim is to simulate the effects of LCA and 
defocus on the contrast of the long-, middle- and 
short-wavelength components of the retinal image to 
determine whether these effects are sufficient o drive 
accommodation. 
Electro-optical systems 
The infrared recording optometer and stimulus ystem 
have been described in previous papers (Kruger, 1979; 
Kruger et al., 1993; Stone et al., 1993). The recording 
optometer allows small eye movements of up to 3 deg 
and operates with a pupil of 3 mm in diameter or larger. 
No mydriatics were used to dilate the subjects' pupils. 
Figure 4 is a simplified schematic showing the essential 
components of the apparatus. Lens LI forms a minified 
image of the Barco color display at T. Light from the 
grating target image (T) is collimated by lens L2 and 
brought o focus by lens L3 at T', after reflection at 
prisms P1 and P2. Prism P2 can be moved (as shown by 
the vertical arrow) to vary the distance between the 
target image (T') and Badal lens L4. If the target image 
is in the focal plane of lens L4, light from the target is 
collimated by lens L4 and comes to focus on the retina 
of the subject's eye (E). The lenses are all precision 
achromatic doublets. An achromatizing lens can be 
positioned at A to neutralize the normal LCA of the eye 
(Kruger et al., 1993). The achromatizing lens under-cor- 
rects long wavelength light by a small amount (approx. 
0.15D at the peak of the red phosphor), and the 
correction ismore accurate for shorter wavelength light. 
The lens has no significant effect on contrast sensitivity 
or lateral chromatic aberration, measured through the 
Badal stimulus ystem (Kruger et al., 1993). An aperture 
at A is imaged in the pupil of the eye as a 3 mm artificial 
pupil. The target grating subtends 6deg at the eye and 
is surrounded by a blurred circular field stop positioned 
6 D beyond optical infinity (not shown). The infrared 
optometer operates off a "hot" mirror positioned be- 
tween the Badal lens and the eye. Output of the infrared 
optometer is recorded by polygraph and sampled at 
100sec ~ by computer. The open-loop condition is 
achieved by feeding the accommodative response 
(voltage output of the infrared optometer) to the servo- 
system that controls the position of prism P2. Thus 
changes in accommodation are compensated byequival- 
ent changes in the position of T', and the image of the 
target in the eye is fixed relative to the retina (along the 
z-axis). The feedback gain from the infrared optometer 
to the servo-mechanism can be varied to provide small 
amounts of residual negative or positive feedback, in 
addition to the standard open-loop condition. In the 
open-loop condition changes in accommodation have no 
effect on the clarity of the retinal image, and the Badal 
system ensures a constant angular size for the target 
(Ogle, 1968). 
The frequency response of the infrared optometer and 
the servo-system that controls the position of the target 
was measured to determine the degree to which a true 
open-loop condition could be achieved. For this test a 
schematic eye was positioned in the apparatus and 
changes in accommodation (refractive power) were 
simulated by rotating a piano-convex cylindrical ens 
about the z-axis in front of the schematic eye. Rotation 
of the cylinder was controlled by a precision variable- 
speed motor (Brower labs) connected to a rotating 
lens-holder. The rotating cylinder had + 1.0 D in the 
power meridian and zero power in the axis meridian. The 
infrared optometer monitors the power of the vertical 
meridian of the eye (Kruger, 1979), and as the cylinder 
rotated in front of the eye the power of the vertical 
meridian fluctuated by 1.0 D at twice the speed of 
rotation. The frequency response of the optometer and 
the servo-system are shown in Fig. 5. 
Procedures 
Before each experimental trial the subject was posi- 
tioned in the apparatus using a telescope to focus and 
align the corneal reflection (Purkinje image No. 1) of the 
target. A bite-plate and forehead rest kept the subject 
still, trial lenses before the left eye compensated for any 
refractive rror, and the right eye was patched. The room 
was dark and the target was the only visible stimulus. 
Calibration of the accommodative response was per- 
formed at the beginning of each session, A high contrast 
white Maltese cross served as the target for the cali- 
bration procedure to ensure an optimal accommodative 
response. The target was a photographic slide positioned 
at T in Fig. 4 and illuminated from behind by a tungsten 
source (Kruger et al., 1993). The subject was instructed 
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F IGURE 5. Frequency response of the infrared recording optometer 
and the servo-system that moves the target in the Badal stimulus 
system. 
to keep the target clear as it stepped through 0, l, 2, 3, 
and 4 D of accommodative d mand, pausing for 8 sec at 
each dioptric level before making the next step. The 
average accommodative response to the 1 and 3 D levels 
was estimated from the computer display, and these two 
measures were stored for subsequent use in producing 
the open-loop condition and in the data analysis proce- 
dures.* 
Following calibration, the Maltese cross target was 
replaced by a horizontal 3c/deg white sine-wave grating 
on the Barco display, and the grating image (T') was 
positioned along the z-axis of the Badal optometer to 
provide 2 D of target vergence. Contrast of the three 
grating components (R, G and B) remained static (un- 
changing) during preliminary procedures that lasted 
approx 15 sec. The vertical arrows in Fig. 3 indicate the 
contrast of the three static chromatic grating com- 
ponents, and the simulated wavelength in focus (525 nm) 
during the preliminary procedures--middle wavelength 
light (525 nm) had maximum contrast, simulating focus 
on the retina, long wavelength light (610 nm) had re- 
duced contrast, simulating focus behind the retina, and 
short wavelength light (465 nm) also had reduced con- 
trast, simulating focus in front of the retina. Taken 
together, contrast of the three grating components 
specified focus of 525 nm light on the retina. The subject 
*The method of calibration does not provide an absolute measure of 
accommodation, because the accommodative r sponse does not 
necessarily equal the dioptric stimulus at all target distances. For 
example, some subjects under-accommodate by a small amount 
(lag of accommodation) in response to the 3 D level, and this can 
result in a small over-estimation f the calibrated response. If this 
occurs, a small amount of positive feedback can be present in the 
"open-loop" condition. Residual feedback (positive or negative) 
moves the image off the retina when the subject accommodates, and 
reduces contrast at all wavelengths (since LCA of the eye is 
neutralized). Thus if such residual feedback has any effect, it might 
reduce the response to the present simulation through innapropri- 
ate blurring of the retinal image. 
viewed this "stationary" target while the eye was aligned, 
and then the achromatizing lens was positioned in the 
stimulus ystem to neutralize the normal LCA of the eye. 
The subject was instructed to "concentrate onthe center 
of the grating with the type of effort used in reading a 
book". Subjects were told that they could make small 
eye movements while viewing the center of the grating, 
and they were encouraged toview the target with interest 
and attention. The subject was given approx. 10 sec to 
focus on the grating before the open-loop condition was 
initiated, and target "oscillation" began a few seconds 
later. During the initial quarter cycle the target simulated 
motion away from the eye (simulated an image moving 
in front of the retina), and data collection for the trial 
started a half cycle later, when the target was simulating 
its closest approach (image behind the retina). 
There were two stimulus conditions: (1) a chromatic 
condition in which the effects of LCA and defocus were 
simulated; and (2) a control condition in which the effects 
of defocus were simulated without he effects of LCA. 
The two conditions were presented in random order and 
five trials of 40 sec duration were run for each condition. 
Grating presentation was controlled by computer, and 
the accommodative response was recorded by polygraph 
and computer. Output of the infrared optometer was 
sampled at 100 sec ~. Analysis routines written in Asyst 
software removed the effects of blinks in "real-time", 
scaled the data according to the subject's calibration, 
and the accommodative response was fed to the servo- 
system that controlled the position of the target along 
the z-axis. Following each 40-sec trial, a fast-Fourier- 
transform was run on the accommodative data to esti- 
mate the amplitude and phase of the accommodative 
response at the stimulus frequency (0.2 Hz). Since the 
target simulated a peak-to-peak amplitude of 2.0 D, the 
amplitude of the response in diopters was divided by 2 
to obtain the gain. Gain and phase for the five trials for 
each condition were vector-averaged to provide mean 
gain and phase, and SEs for each condition. Following 
each trial, the subject was asked to describe the appear- 
ance of the target. 
In the main part of the experiment, 12 subjects viewed 
the 3 c/deg grating oscillating at 0.2 Hz. In addition, two 
subjects were examined in more detail over a range of 
temporal frequencies (0.05, 0.1, 0.2, 0.4, 0.8 and 1.6 Hz) 
with a 3 c/deg grating as the target, as well as over a 
range of spatial frequencies (1, 3, 5, 7 and 10 c/deg) with 
the target oscillating at 0.2Hz. For the purpose of 
comparison, data also were collected using standard 
moving sine-wave gratings as the target (2 D peak-to- 
peak amplitude) both under open- and closed-loop 
control. These gratings were standard 3c/deg luminance 
gratings produced on the same display as the present 
grating simulation, and viewed with the normal LCA of 
the eye intact. 
Subjects 
Fourteen subjects were recruited for the study. They 
had normal corrected visual acuity (20/20), normal color 
vision (anomaloscope), and were free of ocular pathol- 
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FIGURE 6. CIE coordinates ofthe peaks (O) and troughs (r-l) of the 
grating for three conditions of focus: 1 D behind the retina, on the 
retina, and 1 D in front of the retina. The arrows how that the 
coordinates ofthe peaks and troughs move in opposite directions as 
simulated focus changes from under-accommodation to over-accom- 
modation. Measures are for small areas (2.2 arc min) at the center of 
the peaks and troughs of the grating. 
ogy. The subjects' ages ranged from 22 to 32 yr, they 
gave informed consent and were paid for their partici- 
pation. Thirteen of the subjects were naive to the 
purpose of the experiment and one of the investigators 
also served as a subject. Two of the 14 subjects were 
rejected from the study after preliminary testing--one 
because of persistent accommodative spasm that seemed 
to be related to an unusually high resting state of 
accommodation (> 4.0 D), and one because of persistent 
rapid blinking that interfered with data collection. 
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FIGURE 7. Cone contrast (Lma x --Lmin/Lmax 4-L,~,) calculated from 
spectral photometry atthe peaks and troughs of the grating for each 
of the L-, M- and S-cone classes. Cone contrast was measured at15 deg 
intervals during the course of 1 temporal cycle (360 deg). 
grating are plotted in Fig. 6 for three conditions of focus: 
1 D behind the retina, on the retina, and 1 D in front of 
the retina. As simulated focus changes, the coordinates 
move along a line roughly connecting 480 and 580 nm. 
Arrows in the figure indicate that the coordinates of the 
peaks and troughs move in opposite directions as simu- 
lated focus changes from behind the retina to in front of 
the retina. The larger changes occur in the troughs of the 
grating, rather than at the peaks. The CIE co-ordinates 
were used to compute cone-excitations for the L-, M- 
and S- cones (Cole & Hine, 1992), and the cone-exci- 
tations were used to compute cone-contrasts 
(Lmax-Lmin/Lmax-t-Lmin) for the three cone classes. 
Theoretical cone-contrasts are plotted in Fig. 7 for one 
complete cycle of the present simulation. The similarity 
between the changes in cone-contrast (Fig. 7) and 
changes in target contrast (Fig. 3) is clear. 
RESULTS 
During the experimental trials the target appeared to 
blur and clear in a manner similar to the blurring and 
clearing that results from changes in focus (dioptric 
blur). The subjects' descriptions of the appearance of the 
target suggested that they could not distinguish the 
chromatic condition from the control condition, and 
that they were not aware of any color change in the 
grating. Subjects described "blurring and clearing" and 
sometimes "fading" of the target, but the subjects aid 
nothing that suggested they were aware of color changes. 
Subjects also were unaware that they were accommodat- 
ing in response to the chromatic stimulus, or that their 
accommodation controlled the target distance (open- 
loop condition), and at very low temporal frequencies 
(0.05 Hz) they seemed to be unaware of any blurring of 
the target. 
The frequency response of the optometer and the 
servo-system that produce the open-loop condition are 
shown in Fig. 5. Gain is essentially flat out to 2 Hz, and 
phase-lag increases gradually with frequency so that by 
2 Hz phase-lag is approx. 30 deg. 
The CIE coordinates of the peaks and troughs of the 
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FIGURE 8. Two examples of accommodative responses during the 
first cycle of simulated target motion. One subject responds immedi- 
ately to the first quarter cycle of stimulus change, while the second 
subject takes longer to respond. 
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FIGURE 9. Typical accommodative data from four subjects for one 40-sec trial of the chromatic condition and one trial of 
the luminance ontrol condition. 
Figure 8 illustrates the sequence of events leading up 
to the beginning of an experimental trial, and shows two 
types of accommodative behavior that were observed 
during the first cycle of simulated target motion. The top 
trace (stimulus) shows that initially the grating simulated 
a stationary target (contrast unchanging), and that when 
contrast first began to change the target simulated 
motion away from the eye (target moving in front of the 
retina). Data collection for the experimental trial began 
at the first stimulus peak (270 deg later). The bottom 
traces in Fig. 8 show two different ypes of accommoda- 
tive response. In the first example the subject clearly 
accommodates in the correct direction in response to the 
first quarter cycle of the simulation. This was typical of 
the most sensitive subjects (S10, S11 and S12 in Fig. 10) 
who responded in this manner on every trial. In the 
second example the subject does not seem to respond to 
the first quarter cycle of the simulation, but does begin 
to respond by the first stimulus peak (beginning of the 
trial). Responses of subjects with moderate sensitivity 
($4 through $9) were equally divided between the first 
and second response-types, and it was difficult to deter- 
mine whether the less-sensitive subjects (S1, $2 and $3 
in Fig. 10) were responding at all during the first cycle. 
Tracking begins during the first cycle of the simulation 
for most subjects, and the response follows the stimulus 
with a phase-lag of approx. 90 deg. 
Figure 9 shows typical accommodative data from four 
subjects for one trial of the chromatic ondition and one 
trial of the control condition. The data are arranged in 
order with the largest chromatic response at the top. In 
the chromatic ondition tracking is underway during the 
first cycle of the trial, and the response lags behind the 
stimulus by approx. 90 deg at the first stimulus peak 
(beginning of the trial). Accommodative r sponses to the 
chromatic simulation are much like normal accommoda- 
tive responses to standard moving targets, but there is 
essentially no response to the control condition. Vector- 
averaged gains and phase-lags from all 12 subjects are 
presented as histograms in Fig. 10, where they are 
arranged in order from low to high gain. Mean gain and 
phase-lag for the group are 0.55 (SEM = 0.07) and 
103deg (SEM= 12.6) for the chromatic condition, 
and 0.03 (SEM=0.01) and 265deg (SEM=27.9) 
for the control condition. There are large individual 
differences in sensitivity among subjects--gain for the 
most sensitive subject is 1.0 (2 D peak-to-peak ampli- 
tude) in the chromatic ondition, while the least sensitive 
subject has a gain of 0.16 (0.32 D amplitude) in the 
chromatic ondition. A paired-difference t-test was run 
on the gains for 12 subjects, and the two conditions 
(chromatic and luminance control) were significantly 
different (P < 0.001, t = 6.90). 
Two subjects were examined in greater detail over a 
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range of spatial and temporal frequencies. Accommoda- 
tive responses from one subject for one trial at six 
temporal frequencies are shown in Fig. I I. The subject 
responded well to the 3 c/deg simulation at all the tested 
temporal frequencies from 0.05 to 1.6 Hz. Data from the 
same subject are presented in Fig. 12, along with data 
from a second subject. Also included in Fig. 12 (dotted 
lines) are data from the same subjects in response to 
standard sine-wave gratings (3c/deg) moving under 
open-loop control (2 D amplitude). Gain decreases and 
phase-lag increases with temporal frequency, but most 
apparent is that the phase-lags for the chromatic simu- 
lation are approx. 30 deg larger than the phase-lags for 
standard grating targets moving under open-loop con- 
trol. For one subject the larger phase-lag is consistent 
across temporal frequency, while the second subject 
shows the larger phase-lag at temporal frequencies above 
0.1 Hz. 
In Fig. 13 data from two subjects, collected over a 
range of spatial frequencies (1-10 c/deg) with the target 
oscillating at 0.2 Hz, are summarized as gain plots. One 
subject has high gain (triangles) while the second subject 
has moderate gain (squares). The "high-gain" subject 
responds best at 3 c/deg, while the second subject re- 
sponds equally well at 3 and 5 c/deg. Gain is reduced 
substantially at 1 and 7 c/deg, and there is little or no 
response at 10 c/deg. 
The experiment was repeated on three subjects who 
responded well to the simulation, to determine whether 
residual feedback was reducing their response, or 
whether esidual feedback might account for their re- 
sponse. Subjects continued to respond readily to the 
simulation in the presence of small amounts of negative 
( -0.1,  -0.2,  -0.3) as well as positive (+0.1, +0.2, 
+ 0.3) feedback. 
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FIGURE 10. Vector-averaged ains and phase-lags of 12 subjects for 
the chromatic condition (striped bars) and the luminance control 
condition (solid bars). Mean gain and phase-lag for the chromatic 
condition for the 12 subjects i  0.55 and 103 deg and for the luminance 
control is 0.03 and 265 deg. Error bars show l SEM. 
DISCUSSION 
The present results support and extend our previous 
finding that the effects of LCA (chromatic ontrast at 
luminance borders) provide a powerful stimulus for 
reflex accommodation (Kruger et al., 1993). Subjects 
responded on first exposure to the stimulus, and the 
response invariably started during the first cycle of the 
simulation. Gains of some subjects were similar to gains 
obtained in response to standard moving gratings; thus 
for these subjects LCA may provide sufficient stimulus 
on its own. The large individual differences in sensitivity 
among subjects (Fig. 10) is not surprising, and confirms 
the results of previous experiments showing that sensi- 
tivity varies broadly among the population (Kruger 
et al., 1993). The strong response of most subjects to the 
present simulation suggests that the effects of LCA 
(changes in chromaticity at luminance borders) are an 
integral part of the dioptric stimulus for reflex accommo- 
dation. 
The frequency response of the optometer and servo- 
system (Fig. 5) shows that the electro-optical nd mech- 
anical systems are fast enough to ensure an accurate 
open-loop condition at the frequency of the present 
experiment (0.2 Hz). However, oscillations of accommo- 
dation occur at frequencies up to 2 Hz, and the phase-lag 
of the optometer and servo-system precludes a perfect 
open-loop condition at the higher temporal frequencies. 
In practice the high-frequency oscillations of accommo- 
dation are much smaller than the 1.0 D fluctuations that 
were used to test the servo-system, and there is some 
agreement among investigators that low frequency oscil- 
lations of accommodation (< 0.6 Hz) are more likely to 
be involved in accommodative control than the high 
frequency (> 1.0 Hz) components (Charman & Heron, 
1988; Winn, Charman, Pugh, Heron & Eadie, 1989; 
Denieul & Corno-Martin, 1994). Thus it seems unlikely 
that the phase-lag of the optometer and servo-system at
high temporal frequencies ignificantly influences the 
results of the present experiment. 
Control experiments were important to determine 
whether small amounts of residual feedback might ac- 
count for the results. As mentioned in the Methods 
section, the calibration method cannot ensure a "per- 
fect" open-loop condition, and a small amount of feed- 
back (e.g. -0.1) might influence the results. Control 
experiments howed that feedback in the amount of 
+0.1, _+0.2, and +0.3 has no effect on the response to 
the simulation. Subjects continued to accommodate with 
approximately the same gain even if small amounts of 
feedback were present. It should be understood that in 
the present experiment residual feedback moves the 
image off the retina when the subject accommodates, 
reducing contrast of all three spectral components of the 
grating by a similar amount, because LCA is neutralized. 
Thus changes in accommodation cannot alter the rela- 
tive contrasts of the three grating components, or im- 
prove luminance contrast, as would happen under 
standard viewing conditions. For this reason it seems 
unlikely that residual feedback could enhance the 
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accommodative r sponse to the simulation. Subjects 
who responded with high gain (e.g. S10, S11 and S12) 
also responded with high gain to standard moving 
gratings under open-loop conditions (see Fig. 12). Thus 
these subjects eem to be highly sensitive to dioptric blur, 
and their strong response to the simulation is not 
surprising. The control experiments convince us that 
residual feedback cannot account for the high gain of 
these individuals. There also were a few subjects who 
responded poorly to the simulation (e.g. S1, $2, and $3 
in Fig. 10), and perhaps residual feedback can account 
for their poor response. Two of these low-gain subjects 
(SI and $3) also responded poorly (gain = 0.3) when the 
target was a standard 3 c/deg grating oscillating under 
norma! closed-loop control. Thus their poor response is 
not limited to the present simulation, and seems to 
represent insensitivity to dioptric blur in general. It is 
unusual to find two subjects (out of eight) who accom- 
modate so poorly to dioptric blur, but we have encoun- 
tered this type of response before, and recently other 
investigators have reported similar findings for station- 
ary targets (Gwiazda, Thorn, Bauer & Held, 1993; Stark 
& Atchison, 1994). Some subjects accommodate very 
poorly to dioptric blur, especially in Badal optical 
systems, and these subjects were included in the present 
study by chance. Finally, one subject ($2) responded 
poorly to the chromatic simulation, but accommodated 
well to standard moving sine-wave gratings. The poor 
response of this subject could result from residual feed- 
back, but the strong response of most subjects to the 
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simulation, and the response to the control experiments, 
argue against this explanation. We are confident hat 
residual feedback cannot explain the strong response of 
most subjects to the simulation, or the large individual 
differences in sensitivity. The present results confirm 
previous reports of individual differences in the sensi- 
tivity of accommodation to the effects of LCA (Fin- 
cham, 1951; Kruger et al., 1993). 
Another possibility for the poor response of subject $2 
is suggested by the phase-lags of all the subjects in the 
present experiment (Figs 10 and 12), which are approx. 
30 deg larger than phase-lags to standard gratings mov- 
1.5 
Z 
< 
(.9 
0.5 
0 t 
0 12  
f I I P • 
2 4 6 8 10  
SPAT IAL  FREQUENCY (c/d) 
F IGURE 13. Gain across spatial frequency for two subjects. The 
target gratings (1, 3, 5, 7 and 10 c/deg) simulated 2 D oscillations at 
0.2 Hz. 
ing under open-loop control (Brodkey & Stark, 1967; 
Kruger, Matthews, Aggarwala & Nowbotsing, 1992). 
Previous experiments have shown that phase-lag can be 
a sensitive indicator of the strength of the stimulus, in 
that when some aspect of the stimulus is removed (e.g. 
LCA) phase-lag increases (Kruger & Pola, 1985, 1986, 
1987). Thus change in contrast of the waveband com- 
ponents of the retinal image may represent only part of 
the normal dioptric stimulus for reflex accommodation. 
Fincham (1951) suggested that directionally sensitive 
cones might respond to the angle of incidence of light, 
and thus provide additional information about the ver- 
gence of light at the retina. In the present experiment 
such "achromatic" directional information was fixed 
(static) during the simulation (since focus did not actu- 
ally change) and this may have contributed to the low 
gain of some individuals and the relatively large phase- 
lag of all the subjects at 0.2 Hz. 
Spatial and temporal frequency 
The present results (Fig. 13) agree with previous 
findings that dynamic accommodation responds best 
between 3 and 5 c/deg and that sensitivity extends from 
approx. 1 to 8 c/deg (Stone et al., 1993; Mathews & 
Kruger, 1994). Owens (1980) used stationary targets and 
came to the same conclusion, but some investigators feel 
that high spatial frequency information (> 10 c/deg) also 
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plays a role when the target is stationary (Charman & 
Tucker, 1977; Tucker & Charman, 1987). The differences 
between experimental results may come from the instruc- 
tions or training given to the subjects, and from the 
degree of effort (volition) used by the subject o keep the 
target clear (Kruger, 1979; Owens, 1980; Ciuffreda & 
Hokoda, 1985; Mathews & Kruger, 1994; Stark & 
Atchison, 1994). 
Sensitivity to the effects of LCA and defocus probably 
is limited by optical as well as sensory factors. At low 
spatial frequencies (<0.5c/deg) the optical transfer 
function of the eye precludes effects of defocus on 
contrast, and the poor response at 1 c/deg is not surpris- 
ing. The effects of defocus and LCA on contrast become 
significant as spatial frequency increases above 1 c/deg, 
and by 10 c/deg defocus in the amount of 0.75 D reduces 
contrast from 80% to zero (Walsh & Charman, 1988). 
Thus, accommodation may respond poorly at high 
spatial frequencies (10 c/deg) because the effects of defo- 
cus and LCA on contrast are too large for LCA to 
provide an effective stimulus. In addition, spherical 
aberration, irregular and asymmetric monochromatic 
aberrations and transverse chromatic aberration reduce 
contrast at high spatial frequencies (Van Meeteren, 1974; 
Bour, 1980; Walsh & Charman, 1989) and these aberra- 
tions may confound the effects of LCA at the higher 
spatial frequencies. 
Psychophysical sensitivity of the visual system to 
combined luminance and chromaticity contrast is 
best between 1 and 8c/deg (Noorlander, Heuts & 
Koenderink, 1981), with thresholds that are below 3% 
for detecting chromaticity contrast superimposed on 
luminance contrast (Switkes, Bradley & De Valois, 
1988). Contrast sensitivity of the color mechanisms, 
contrast decrement sensitivity, and purity discrimi- 
nation, all decline substantially between 3 and 10 c/deg 
(Mullen, 1985; Anderson, Mullen & Hess, 1991; 
Mathews, Kapoor, Yager & Kruger, 1992; Van der 
Horst & Bouman, 1969). Thus one would expect the 
sensory mechanisms to be most sensitive to the effects of 
LCA at relatively low spatial frequencies (3-5 c/deg). 
Previous investigators have suggested that LCA is 
effective only when the target is moving toward and 
away from the eye, and that luminance contrast provides 
the stimulus when the target is stationary (Charman & 
Tucker, 1978; Bobier, Campbell & Hinch, 1992; Morse 
& Kotulak, 1994). Kruger et al. (1993) have argued that 
several factors may combine to make it difficult to 
demonstrate he role of LCA by eliminating or reversing 
the effects of LCA when the target is stationary: (1) 
luminance contrast can provide sufficient stimulus when 
the target is stationary, because there is ample time for 
negative feedback to operate; (2) voluntary accommo- 
dation can be used to maintain focus when the target is 
stationary; (3) tonic accommodation can provide suffi- 
cient stimulus when the target is close to the subject's 
resting position of accommodation (dark focus); and (4) 
the possibility of an "achromatic" directional signal, 
that also may function well under static conditions, 
compounds the problem facing investigators (Fincham, 
1951; Kruger et al., 1992). We have used moving targets 
in an attempt o minimize these factors. 
The present experiment provides ome additional data 
regarding this issue. Subjects responded strongly at 
0.05 Hz, where each cycle of the simulation is so slow 
(20 sec) that the simulation can be considered to ap- 
proach the stationary condition. At 0.05 Hz the appear- 
ance of the grating remains constant during the trial, yet 
the subjects responded vigorously to the simulation. This 
suggests that the static contrast of the spectral wave- 
bands per se may specify under- or over-accommo- 
dation, and that change in chromatic ontrast may not 
be essential for a response. While it is possible that the 
effects of LCA are more effective when focus is changing 
than when focus is static, it seems premature to postulate 
separate mechanisms for moving and stationary targets. 
In the present experiment the target was under open- 
loop control, so that changes in accommodation had 
little or no effect on contrast of the retinal image. 
However, under normal closed-loop conditions fluctu- 
ations of accommodation produce ongoing changes both 
in luminance contrast and in the contrast of spectral 
wavebands, even when the target is stationary. Thus the 
image on the retina is never really "static", even when 
the target is not moving along the z-axis (Charman & 
Heron, 1988; Winn, Charman, Pugh, Heron & Eadie, 
1989). Recently Denieul and Corno-Martin (1994) 
reported that the low-frequency oscillations of accom- 
modation increase, and the high-frequency oscillations 
decrease, when saturated colored targets are used instead 
of white targets. Thus the bandwidth of the illumination 
seems to affect the frequency spectrum of the oscil- 
lations. This supports the view that LCA is involved in 
accommodative control, even for stationary targets. 
It is possible that some subjects accommodate in
response to the predictable rhythmical changes in the 
appearance of the target, and that they would not 
respond if the changes were unpredictable. The issue was 
examined by simulating non-predictable changes in 
target contrast (the simulated motion path was a sum-of- 
sines) rather than predictable sinusoidal changes. Figure 
14 shows data from a trial in which the simulated target 
motion was the sum of four sinusoids (0.1, 0.2, 0.3, and 
0.4 Hz). The four temporal sinusoidal components each 
had an amplitude of 0.5 D, and the phases of the four 
sine components were combined at random to produce 
the non-predictable motion path. The top trace (solid 
line) represents the simulated motion of the target, 
superimposed on the base temporal frequency of 0.1 Hz 
(dotted line). Our intention was to "mask" the base 
frequency (0.1 Hz) with the higher temporal frequency 
components of the simulation. The response trace shows 
that the subject responded strongly at the base frequency 
despite the "masking" effect of the higher frequency 
components. The amplitude spectrum at the bottom of 
Figure 14 suggests that the subject responded to all four 
temporal components (0.1, 0.2, 0.3, 0.4 Hz) of the simu- 
lation. We have obtained similar results from two 
other subjects in response to a variety of sum-of-sine 
simulations. The strong response at the base temporal 
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frequency supports our contention that subjects were not 
simply responding to predictable rhythmical changes in 
color or luminance of the target. 
Sensitivity to color changes 
The present grating target is unusual in the way that 
it combines luminance and chromaticity contrast (by 
changing contrast separately in three spectral wave- 
bands), but we can extrapolate from psychophysical 
experiments hat have used similar targets to determine 
whether the present changes in chromaticity are above 
threshold, and whether the color changes should be 
visible. The changes in contrast illustrated in Figs 3 and 
7 are substantially arger than psychophysical detection 
thresholds, which are close to 3% (Eisner, Pokorny & 
Burns, 1986; Switkes et al., 1988; Cole, Stromeyer & 
Kronauer, 1990; Mathews et al., 1992; Lee, Martin, 
Valberg & Kremers, 1993). Furthermore, the changes in 
the CIE co-ordinates for the peaks and troughs of the 
grating (Fig. 6) are much larger than standard hue and 
saturation discrimination data (Pokorny & Smith, 1986). 
Thus it seems that the color changes hould have been 
readily apparent to the subjects. However, sensitivity to 
combined luminance and chromaticity contrast depends 
strongly on the spatial-temporal structure of the target 
(Noorlander et aL, 1981; Noorlander & Koenderdink, 
1983); wavelength discrimination is impaired when the 
field size is small, and when stimuli are presented 
successively rather than simultaneously (Pokorny & 
Smith, 1986; Uchikawa & Ikeda, 1981). Thus, the 
spatial-temporal structure of the present stimulus 
(3 c/deg sine-wave grating oscillating at 0.2 Hz) might 
obscure the appearance of color change. This type of 
difference between the detection threshold for chroma- 
ticity modulation and the threshold for recognizing 
color in the grating has been reported by Granger and 
Heurtley (1973). It seems that the present stimulus is 
above the threshold for detecting the presence of 
chromaticity changes, but it may be close to the 
threshold for color naming. 
Careful observation of the present simulation by 
trained observers uggests that the spatial frequency of 
the sine-wave grating must be below 3 c/deg for color 
changes to be evident at the peaks or troughs of the 
grating. In making these observations, the observers first 
viewed the display from the standard istance of 1.3 m, 
at which distance the grating subtends 3 c/deg. The 
observers then moved slowly toward the display and 
reported the point at which color could first be identified 
in the troughs or peaks of the grating. Color changes first 
became visible in the troughs of the grating, and the 
distance at which color first became visible varied be- 
tween 1.1 and 1.2m from the display (2.5-2.8c/deg) 
depending on the subject. Thus at 3 c/deg the grating is 
probably close to (or below) the threshold for color 
naming. Moulden, Kingdom and Wink (1993) recently 
made similar observations using square-wave gratings 
that consisted of complementary colors. The threshold 
for detecting color in the grating was about 4 c/deg for 
blue-yellow gratings, and 7 or 8 c/deg for red-cyan and 
2 
• J 0 
I,.-.- 
-2 . . . .  i . . . .  i . . . i I • , i , I 
0 10 20 30 40 
5 
w 4 
¢~ 3 z 
0 2 
0_ 
o) 1 tu 
w 0 
0 10 20 30 
TIME (sec) 
W 
~ 2 
I.-- 
Q. 
0 0.5 1 
FREQUENCY (Hz) 
40 
1.5 2 
FIGURE 14. Target motion was a sum-of-sines (0.1, 0.2, 0.3, and 
0.4 Hz). The top trace (solid line) represents he non-predictable figl5 
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green-magenta gratings. Our use of "white" (highly 
desaturated) sine-wave gratings rather than "colored" 
square-wave gratings, seems to lower the spatial fre- 
quency at which color can be detected. The subjects' 
descriptions of the grating, and the observations of 
trained observers, convince us that the subjects were not 
using perceived changes in color of the grating to guide 
their accommodation during the experiment. 
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Analysis of  the chromatic signals 
The theoretical nalyses of Flitcroft (1989, 1990) and 
data from previous investigations (Aggarwala et al., 
1994; Morse & Kotulak, 1994) support the view that 
conventional color-opponent mechanisms mediate the 
chromatic signals that specify focus. These mechanisms 
are exemplified by the red-green and blue-yellow pro- 
cesses of opponent color theory (Hurvich & Jameson, 
1957), and, in more recent work, by L -M and 
S - (M + L) chromatic detection mechanisms (e.g. Cole, 
Hine & McIlhagga, 1993; Chaparro, Stromeyer, Kro- 
nauer and Eskew, 1994). The modulations ofcontrast in 
the present experiment (Figs 3, 7 and 15) are much larger 
than psychophysical detection thresholds and ganglion 
cell thresholds (Switkes et al., 1988; Cole et al., 1990; 
Mathews et al., 1992; Lee et al., 1993), and sensitivity to 
change in chromaticity is actually enhanced by the 
presence of luminance contrast, especially at low levels 
of luminance contrast (Hilz, Huppmann & Cavonius, 
1974; Switkes et al., 1988). Parvocellular neurones 
(Wiesel & Hubel, 1966; Shapley & Perry, 1986) and 
striate cortical neurons (T'so & Gilbert, 1988; Thorell, 
De Valois & Albrecht, 1983) both respond to chromatic 
stimuli like those used in the present simulation of 
dioptric blur. 
In the present experiment changing focus of the retinal 
image was specified by Michelson contrast, changing 
separately in long, middle and short spectral wavebands 
of the retinal image. Thus one method of analyzing the 
stimulus (monitoring focus) might be to measure 
contrast separately in long-, middle- and short-wave- 
length-sensitive cone mechanisms. Theoretical cone- 
contrasts have been used to model a variety of visual 
mechanisms in this way (Shepherd, 1992; Lee et al., 
1993; Cole et al., 1993). Converting cone excitation to 
cone-contrast normalizes each cone signal to its mean 
level, and focus can be represented in three-dimensional 
(L,M,S) cone-contrast pace. In Fig. 15 cone-contrast 
in each of the three cone classes specifies focus. The 
data points in the figure represent measures of cone- 
contrast aken at 15 deg intervals during the course 
of one temporal cycle (360deg) of the simulation. 
As focus changes from 1 D behind the retina ( -1)  to 
1 D in front of the retina ( + 1) the co-ordinates specify- 
ing focus follow a curved path in three-dimensional 
(L,M,S) cone-contrast pace. Additional amounts of 
defocus (>I  D) would further reduce cone-contrast, 
and the co-ordinates would move toward the origin 
(0,0,0) of the three-dimensional plot. It should be 
emphasized that the present data are specific for a 
3 c/deg grating viewed through a 3 mm pupil. At higher 
spatial frequencies, and for larger pupil sizes, the curved 
path becomes wider, while at lower spatial frequencies 
and for smaller pupils the path becomes narrower. When 
the effects of LCA are minimized or eliminated (pinhole 
pupil, achromatizing lens, or low spatial frequency 
target) contrast is the same for all three cone classes, and 
the defocus path becomes a straight line connecting the 
diagonals (0,0,0 and 1,1,1) in L,M,S cone-contrast space. 
As mentioned earlier, the psychophysical mechanisms 
for detecting such movements within cone-contrast 
space have been characterized experimentally (Cole 
et al., 1993; Chaparro et al., 1994). In particular, under 
conditions of long duration, large size, blurred edges, 
and gradual change, detection by L -M and 
S -  (L + M) (color) mechanisms i favored over the 
L + M (luminance) mechanism. [Also see Hood and 
Finkelstein (1983) for a discussion of this issue.] These 
are precisely the conditions in the present experiment. 
The dioptric stimulus for accommodation 
The standard view is that even-error luminance con- 
trast per se, operating as part of a closed-loop negative- 
feedback system, serves as the stimulus for reflex 
accommodation (Heath, 1956; Alpern, 1958; Troelstra, 
Zuber, Miller & Stark, 1964; Stark & Takahashi, 1965; 
Phillips & Stark, 1977; Charman & Tucker, 1978; 
Owens, 1980; Raymond, Lindblad & Leibowitz, 1984; 
Bobier et al., 1992). In this view the eye accommodates 
by trial-and-error to maximize or optimize luminance 
contrast, and under normal closed-loop conditions lumi- 
nance contrast is an intrinsic part of the stimulus. But 
the present results suggest hat chromatic contrast at 
luminance borders is also an intrinsic and integral part 
of the dioptric stimulus. The polychromatic blur spread- 
function is replete with the effects of LCA (chromatic 
difference of contrast) and it seems artificial to separate 
the optical effects of defocus blur from those of LCA. 
The present approach gains support from a variety of 
investigations (Fincham, 1951; Campbell & Westheimer, 
1959; Smithline, 1974; Kruger & Pola, 1986, 1987, 1989; 
Flitcroft & Judge, 1988; Flitcroft, 1989, 1990; Stone 
et al., 1993; Kruger et al., 1993; Morse & Kotulak, 1994; 
Aggarwala et al., 1994). 
The standard view has been strengthened over the 
years by the terminology that is used to refer to the 
stimulus. As a recent example, Ciuffreda (1991) suggests 
that the term "stimulus" should apply only to defocus 
blur (luminance contrast) which he regards as "the sole 
true stimulus to accommodation". Chromatic aberration 
is placed in a separate category of "optical cues" that 
provide directional information for luminance contrast. 
Separating the effects of LCA (chromatic ontrast at 
luminance borders) from the effects of defocus blur 
(reduced luminance contrast) is an arbitrary distinction 
that diverts attention from the nature of the polychro- 
matic blur spread-function, and from the way that 
"chromatic difference of contrast" specifies focus. The 
effect of semantics on the concept of the stimulus in 
psychology is an old issue, debated for much of this 
century (Dewey & Bently, 1945; Cantril, 1950; Wood- 
worth, 1958; Gibson, 1960). At present, terms like 
"stimulus", cue". "information" and "input" are used 
interchangeably in most areas of vision science, and 
semantics eem unimportant. However, in the area of 
ocular accommodation, semantic distinctions till help 
obscure the nature of the dioptric stimulus (polychro- 
matic blur spread-function). The problem was summar- 
ized succinctly by Gibson (1960) as follows: 
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"Merely to call the stimulus a cue, sign, signal, message, 
indicator, or clue does not tell us what we need to know. The 
question is to what extent does the stimulus specify its 
source, and how does it do so?" 
The present results confirm the hypothesis that focus 
of  the eye is specified by the contrast of spectral 
components of  the retinal image, and that the accom- 
modative system determines focus, at least in part, by 
monitoring chromatic contrast at luminance borders 
(1-8c/deg). The effect of  the present simulation on 
theoretical L-, M- and S-cone-contrasts upports the 
view that the chromatic signals are mediated by con- 
ventional color mechanisms, most probably via parvo- 
cellular pathways. 
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